The gold(I) compound [Au(N i Pr) 2 CNMe 2 ] 2 was used as a chemical vapour deposition precursor to deposit gold metal films between 200 -225°C on both flat silicon substrates as well as on silica optical fibers. The deposited gold film was nanocrystalline with a preferred (111) orientation and had marginal conductivity. The film shows good purity and has a very high growth rate of 222 nm/min (37 Å/s) when measured on the optical fiber. The growth of the gold film on the optical fiber was monitored by the attenuation of a guided light mode diffracted into the fiber's cladding by a tilted Bragg grating (TFBG) inscribed in the fiber core. The initiation of the gold film growth was found to coincide with an increase in the attenuation of polarized light propagating in the fiber and monitored at wavelengths near 1559 nm. This attenuation peaked when the film granularity maximized losses to the cladding mode and then disappeared when the film became thicker and continuous. Further evidence of a continuous film was indicated by a wavelength shift of 0.2 nm of the cladding mode resonance wavelengths. A growth rate of 222 nm/min (37 Å/s) was found during the first 50 seconds of deposition, tapering off to an overall growth rate of 39 nm/min (6.5 Å/s). The use of a TFBG as a sensor was shown to be a valuable method to monitor film nucleation, growth and uniformity.
Introduction
Metal thin films have been the subject of sustained interest due to their broad applicability in fields such as catalysis [1] and optics [2] . Thin films of gold are promising candidates in the fields of microelectronics [3, 4] and photonics [5] due to their low resistivity, resistance to corrosion, and high polarizability. In particular, sputtered gold films have been shown to enhance surface plasmon resonances (SPR) [6, 7] , making them ideal platforms for biological sensing and for probing surface chemistry. Our interest lies in the development of a sensor platform where gold nanoparticle films are used in conjunction with fiber optics incorporating tilted fiber Bragg gratings (TFBG) [8] . Because sputtering is a line-of-sight technique, it would only be viable for coating single fibers using a modified fiber holder to insure that all sides are uniformly coated. This technique could not easily be scaled up for production. An improved process which both facilitates parallel manufacturing of sensors, and produces high-quality films was necessary.
Chemical vapour deposition (CVD) is a vapour-phase deposition technique which uses volatile precursors to deposit thin films of target materials via chemical surface mechanisms [9] . CVD has previously been demonstrated to deposit gold thin films from a small assortment of gold precursor compounds: dimethylgold(III) acetate [10, 11] , dimethylgold(III) dithiophosphinates [12] , dimethylgold(III) pivalates [13] , dimethylgold(III) trifluoroacetylacetonate [14] . We have previously reported the synthesis of a novel gold(I) guanidinate precursor -[Au(N i Pr) 2 CNMe 2 ] 2 -as a potential precursor for gold deposition [15] , and herein describe a CVD process for the deposition of gold nanoparticle thin films.
In general, in situ deposition monitoring has been accomplished by the use of such techniques as ellipsometry [16] and quartz crystal micro-balance analysis [17, 18] . These methods enable real-time film thickness data acquisition, and are invaluable tools in CVD. Furthermore, the use of a TFBG-inscribed optical fiber as a deposition sensing platform can provide valuable insight about the continuity of a film as it nucleates. Herein we present a novel and controllable method of depositing thin films of gold both onto flat substrates as well as onto telecommunications-grade optical fibers by CVD. Monitoring light propagation through TFBG, we observed that the light modes propagating through the cladding of the fiber gradually attenuate to a minimum intensity, and then intensify again. We found that these events correspond to the growth of gold nanoparticles on the surface of the fiber, giving us a reliable method to sense the onset of growth and the formation of a continuous film. These nanoparticle films were characterized by scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS) to demonstrate that their growth is related to this attenuation.
Experimental
The compound [Au(N i Pr) 2 CNMe 2 ] 2 was made following a literature preparation [6] . Growth of gold nanoparticle thin films from this precursor was performed in a homebuilt, hot-walled CVD reactor equipped with a fiber guide to hold up to three fibers simultaneously for in situ measurements (Figure 1 ).
Gold metal was deposited from a single-source [Au(N i Pr) 2 CNMe 2 ] 2 precursor on silicon wafers without any additional carrier gas or reducing agent. The wafers were cleaned using a 20 min piranha solution soak (3:1 H 2 SO 4 :35%H 2 O 2 ) followed by a distilled water rinse. A tube furnace attached to a vacuum pump with a cold trap were employed to impart mass transport. The precursor was delivered from a vial on its side with the opening directly in front of a metal boat bearing the silicon substrates. The vial and boat were arranged such that the vial sat at the outside edge of the furnace tube, ensuring a precursor delivery temperature below that of the deposition zone. Repeatable depositions were achieved using an initial precursor mass of 60 mg and a furnace temperature set point of 200 °C. The system was heated for 1.5 hours, beginning at room temperature. The precursor was delivered at roughly 80 °C, as indicated by external thermocouples placed directly outside the location of the substrate. Deposition was halted by pressurizing the system with nitrogen gas and immediately removing the substrates. Figure 1 . A schematic of the deposition apparatus used for gold metal deposition, where "T" represents a thermocouple, and "P" represents the pressure sensor. The detail shows a tilted fiber Bragg grating (TFBG) with a potential light path indicated through this fiber core and cladding.
For deposition on a TFBG, the tube was fitted with a "w" guide that could support both a bare witness fiber and the TFBG fiber during the deposition, allowing both the temperature of the process and the effect of deposition on the surface plasmon to be monitored. Holes were drilled through a KF-25 flange blank end to accommodate multiple fibers and then sealed with UHV-grade epoxy. Vacuum fittings were all KF-25 flanges connecting at octagonal junction with Viton o-ring seals. The junction was connected to both compressed N 2(g) (for purging the reaction chamber before and after depositions) and a roughing pump. Fibers were pretreated using 95% ethanol on a kimwipe. Base temperature and pressure for the depositions were 255°C and 30 mbar, respectively. The onset of deposition was typically measured by an increase of reactor pressure (i.e., the vapour pressure of the precursor). Depositions took place inside a 15 mL vial that was loaded with an ~30 mg sample of precursor. This was placed at the end of the furnace tube opposite the KF junction, with both the witness and TFBG fibers situated directly in the vial. Optical measurements were performed by an optical sensing analyzer (Micron Optics, model: Si720), with an S-and P-polarization controller (JDS Uniphase) in the beam path. Corning SMF-28 fibers were used as substrates for all depositions with a TFBG length of 4 mm. Details regarding the fabrication of the TFBG by a phase-masking technique are reported elsewhere. The ends of the TFBG fibers were coated with a gold mirror prior to deposition to allow reflection of the core-guided light back through the TFBG and subsequently into the cladding of the fiber. The optical sensing analyzer was interfaced with proprietary software provided by Micron Optics and written in LabVIEW™. One full spectrum was acquired every 1.2 seconds during depositions and over the period of 20 minutes. Attenuation of the optical power signal and wavelength-amplitude of the TFBG cladding modes occurred with both S-and P-polarized light and this attenuation process was slow enough to allow the deposition to be terminated at any point simply by backfilling the reactor volume with room temperature nitrogen.
Results and Discussion
The precursor [Au(N i Pr) 2 CNMe 2 ] 2 was previously shown to undergo quantitative volatilization at 80°C, and have good stability with respect to light [15] . Further thermolysis work with this compound shows that using higher ramp rates (10°C/min) or using higher mass loading greatly increases the residual mass from close to 0% to 53.5%. Since the mass of gold is 53.6% of the precursor mass, this indicates that the compound undergoes a quantitative decomposition to gold metal. The residual mass of a thermogravimetric analysis appeared to be gold metal, and this was confirmed by undertaking a single-source CVD deposition experiment using this precursor.
Initially, gold metal was deposited on silicon wafer substrates using a furnace temperature of 200°C from [Au(N i Pr) 2 CN(Me) 2 ] 2 without any additional carrier gas or reducing agent. Our previous research with group 11 guanidinate compounds shows that compounds with this ligand likely undergo reduction by generating an oxidized guanidinate, which forms a transient metal hydride species that auto-reduces to the metal [19] . This -hydrogen elimination reaction likely occurred at the substrate to generate the metallic gold thin film ( Figure  3 ). This deposition of the single-source precursor was very reproducible, and was optimized such that 60 mg of precursor underwent volatilization at 80°C, with deposition occurring at 200°C over 1.5 hours. The deposited gold films were visually golden, nanocrystalline, and adhered very weakly to the silicon wafers (Figure 2) . X-ray analysis showed a preferred orientation of the crystallites; the only measurable diffraction peaks from gold were 38.3°(Au (111)) and 81.9° (Au (222) ).
The composition of the gold film was determined by energy dispersive X-ray spectroscopy (EDS), showing the material to have no detectable impurities. A 520 nm film gave a resistivity of 5.73 ·cm, which was comparable to previous CVD-deposited gold [10] , but far from the best reported value [13] . It is likely that the discontinuous nature of the film hindered conductivity. Experiments introducing a gentle flow of nitrogen gas were attempted to enhance mass flow and extend the deposition zone for the growing film, but this hindered deposition. This retardation of growth was likely due to the introduced nitrogen cooling the precursor vials and reducing the vapour pressure of the precursor. We also tried modifying the precursor delivery by replacing the vials with open boats to enhance mass transport by unimpeded volatilization, but no effect on deposition rate or the zone in which deposition occurred was observed.
Film thicknesses were measured by cross-section in the SEM, and corroborated by analysis of the k-ratios from the EDS data (Figure 4) . Although the trends in the measurements matched well, the SEM thicknesses were routinely larger than the EDS-calculated thicknesses. We modified the calculations from the EDS data using a density model of primitively cubic packed gold nanoparticles (i.e., a packing fraction of 0.52), and these calculated thicknesses matched very well with those seen from the SEM. Although the film is continuous in appearance, it obviously had enough void space to alter the density of the grown film significantly. This film also showed poor adhesion, failing a Scotch tape test.
This CVD method was also used to deposit gold metal on optical fibers with a TFBG inscribed in the core. These TFBG fibers were prepared by a previously-described method [6] . Our earlier observation that the film growth could be quenched by introducing a room temperature flow of nitrogen was used to stop the deposition of the gold film at times corresponding to changes in the attenuation of the cladding light modes (see below). In situ deposition monitoring was performed using broadband linearly polarized light launched in the core of the fiber and measuring the reflected light spectra. Light modes around 1559 nm that were diffracted into the cladding were observed for orthogonal polarization states relative to the plane of the tilt of the grating (i.e. S-and P-polarized modes). These measurements showed a temporary attenuation change on the order of 15 dB over 40 s for the S-polarized light and over 60 s for the P-polarized light ( Figure 5 ). The noticeably shorter time scale of the attenuation change for the S-polarized light reflects the fact that the confinement of the light by gold nanoparticle films depends strongly on polarization. This differential sensitivity between the S-and P-polarized modes is common for metal-coated fibers and has been reported with sputtered gold films [6] already. Since the P-polarized (radially-excited mode) spectral response was more gradual, deposition monitoring data under P-polarized core-guided light is the focus herein. . A typical deposition profile showing both the temperature and pressure data for the deposition of gold nanoparticle films on a TFBG. The time axis is set with its zero point at the onset of attenuation, to match the zero points in Figure 5 and Figure 7 .
The deposition window of gold metal on the TFBG correlated quite closely to the pressure plateau measured in the deposition chamber ( Figure 6 , grey trace). This pressure rise was caused by the vapour of the volatilized precursor compound. Concurrent with the onset of deposition was the onset of the cladding mode attenuation, which typically lasted for ~80 seconds (Figure 5 ). At the maximum signal attenuation, a 0.2 nm shift in the wavelength of the monitored cladding modes was seen, indicating a change in the morphology of the growing film from isolated nanoparticles that scatter light efficiently out of the fiber to a gradually more continuous and thicker film that ends up acting as a perfect mirror and confining the light in the fiber. These observations of the attenuation and the wavelength shift allowed us to sense when deposition was occurring and when the film became continuous.
We subsequently used the TFBG as an in situ growth sensor, and undertook a series of depositions wherein the growth was quenched at different times along the attenuation curve to determine the state of the film at these points (the lettered points in Figure 5 , each corresponding to a micrograph in Figure 7 ). The first micrograph (Figure 7a) shows gold deposited in the Bragg grating region of the fiber. The obvious island growth morphology made the deposited nanostructure lossy for light propagating just outside the cladding boundary, but the small size of the nanoparticles (on the order of 20 nm, as measured in the SEM) did not cause a maximum loss of light. At the peak of signal attenuation the film can be seen to have grown into larger islands with an average thickness of 145 nm, but with narrow extended gaps that explain the high scattering loss suffered by cladding modes at that point. Well after the attenuation abated and the grating resonance amplitude returned to its initial value, the gold film was found to be very thick (220 nm) and continuous, exhibiting a high roughness due to the crystalline nature of the film. The overall growth during the pressure plateau was 310 nm, giving an average growth rate for the whole deposition window of 39 nm/min (6.5 Å/s), which was higher than previously reported growth rates 0.7 -3 nm/min (0.12 -0.5 Å/s) [10] [11] [12] [13] . However, during the first 50 seconds of attenuation, the film had a growth rate of 37 Å/s with a coefficient of determination (R 2 ) of 0.99 ( Figure 8 ). The growth rate was determined by quenching the film growth at various points and measuring the thickness by SEM, as well as calculating the thickness from EDS data. The close match between the SEM measured thicknesses and the EDS calculated thicknesses (Figure 8) suggests that a dense gold film was grown during this period, and the excellent linearity in this time frame suggests that the growth conditions for the gold metal film were optimal in the first minute of growth. This growth rate greatly exceeds the published growth rates for CVD gold films. However, it should be noted that this very large growth rate is due to the fact that we could observe the film growth very closely using the TFBG. This initial growth rate does not incorporate any time segment where the growth rate was low or negligible. The growth appeared to slow down and become less dense after this period. The point at 80 seconds in Figure 8 showed a growth rate of 72 nm/min (12 Å/s) from the previous measured point, and the difference between the SEM measured and EDS calculated thicknesses started to diverge. Thus, the growth tapered off significantly after the initial 50 s of growth, leading to our lower overall growth rate reported above. 
Conclusions
We have shown that the gold(I) compound [Au(N i Pr) 2 CNMe 2 ] 2 can deposit gold metal films between 200 -225°C on both flat silicon substrates as well as on silica fibers. The deposited gold undergoes island nucleation and growth giving a very crystalline film with marginal conductivity. The film shows good purity and a preferred (111) orientation, and have a very high growth rate of 222 nm/min (37 Å/s ) when measured on a optical fiber.
The growth of the gold film on the fiber was monitored using light diffracted into the cladding by a tilted fiber Bragg grating, which induced a surface plasmon resonance in the growing film. Attenuation of this cladding mode of light took place as the film grew, reaching a minimum as the film became continuous. Continuity of the film was seen at the apex of attenuation by a 0.2 nm shift in the cladding mode's wavelengths (monitored around 1559 nm). As growth continued, the attenuation abated and the modes returned to their original amplitude. Using the attenuation as a deposition sensor we were able to determine that the first 50 seconds of deposition produced a dense gold metal film at an extremely high growth rate of 222 ± 0.6 nm/min (37 ± 0.1 Å/s), as well as to observe when the film became continuous. The use of a TFBG as a sensor was shown to be a valuable in situ method to continually monitor film growth and continuity.
